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Abst rac t - -The  process of removal of small particles from molten iron under steel deoxidation is 
analyzed. It is shown within the framework of the hydrodynamic theory constructed previously that 
argon bubbles present in the melt absorb particles at a high rate. It has been found that the particle 
flux onto the surface of a bubble is determined by the diffusion coefficient of a surfactant dissolved 
in the melt of concentration co as D 1/5. The characteristic time of particle absorption i  the melt 
volume is ,,~ Co -2/3. The times of particle absorption are in a characteristic time interval observed in 
metallurgy. © 1998 Elsevier Science Ltd. All rights reserved. 
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The process of steel deoxidation is accompanied by formation in iron melt of small particles 
A1203, which must be removed afterwards. One way to remove such particles is to create in 
the melt volume multiple centers of concentration i homogeneity of a surfactant dissolved in the 
melt. In the case being considered, oxygen is a surfactant. Small bubbles filled with a gas, for 
example, At, can serve as centers of inhomogeneity. A surfactant is adsorbed at the surface of 
particles and at the surface of bubbles. It is shown in [1] that introduction into the two-velocity 
hydrodynamic theory of local thermodynamic nonequilibrium associated with variation in locally 
determined surface of the system (for example, due to changing local density of particles) results 
in the relative velocity of particle motion proportional to the gradient of surface tension. If the 
surface tension in this case depends on the admixture concentration i  the system, we obtain 
(as shown in [1]) a force, which moves a particle along the gradient of surfactant concentration. 
A similar result was obtained in 1963 in [2] for liquid particles present in a constant external 
concentration field. The mechanism proposed id not make it possible to consider self-consistent 
motions of particles with the gradient of surfactant concentration changing as a result of this 
motion. The theory developed in [1] shows that the nature of the occurring force is associated 
with the general thermodynamic nonequilibrium of the system, it is applicable both for liquid and 
solid particles. This makes it possible to develop a general thermodynamically nonequilibrium 
self-consistent theory, i.e., to take into account he feedback from particle motion on redistribution 
of the gradient of surfactant concentration. 
Actually, the first law of thermodynamics for a unit volume of a surfactant solution with the 
mass concentration c and particles with the volume density J present in the melt has the following 
form [1]: 
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dEo = TdS+#dp+p#ldc+¢ad J+ (u -v )  djo, (1) 
where Eo is the internal energy of the unit volume of the two-velocity system "melt with ad- 
mixture + particles with admixture at the surface"; T, S, p are the temperature, ntropy, and 
density of the system; # and #1 are expressed in terms of the chemical potentials #c and/21 of 
the corresponding subsystems 
= + c( i - 
#1 =]~l- -~c,  
u is the velocity of particles; v is the velocity of the melt; jo is the density of relative momentum 
of particles; ; is the area of a particle; a is the surface tension of the molten iron-particle interface. 
By introducing the potential 
¢ = Eo - TS  - ~aJ  - wjo, w -- u - v, 
the differential form (1) is transformed into 
d'~ = -S  dT  + #dp + plZ~ dc - J~ da - j o  dw 
Oa dT  + # dp + P~I dc - J ;  ~c. T =- -  S+~J  ~ c. 
It is assumed here that a = a(T,  c.), c. is the mass concentration f the surfactant at the surface 
of a particle. The Gibbs formula 
c. (Oa~ , 
r = RT  ~OC./T (3) 
for the surface density F of the adsorbed component and the Langmuir expression 
kc. 
F = (4) 
1 + kc./Foo 
are consistent with the dependence of surface tension on the surfactant concentration 
a = ao - rooRT ln ( l  + F~c .  ) . (5) 
In the approximation kc. << 1 from (2)-(5), we obtain 
O¢ = - g¢  ~c ,  = p m Tp ,  (6) 
C. T ,p ,c ,w  T 
where Ps = mJ is the partial density of the particle continuum, m is the mass of a corundum 
particle. From the relations [1], 
c8p8 = cp, + A(ct - c.), 
clpl = cpl -- A(cl -- c.), (7) 
= A(w)  = p{ A 
which determine the redistribution of oxygen over subsystems in the approximation p8 << p, 
p{ ,~ p, we obtain 
P_Z = _A (c - 1).  (8) 
P P 
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In formulas (7), c, is the mass concentration of oxygen on particles; ct is the mass concentration 
of oxygen in the melt; p{ ,,, p is the physical density of the melt; Wo = 2D/37ra, D is the diffusion 
coefficient of oxygen in the melt; a is the radius of a particle. We substitute (8) into formula (6) 
and obtain an expression for the derivative in the explicit form 
T ,  p ,  c,  w 7?~ " 
If we integrate (9), the kinetic correction to the potential 
( c2. ) (kRT+~(T ,p ,c ,w  ) ¢(T, p, c, c., w) = h \ ~c - C. -~ 
is obtained. 
Since expression (2) is a total differential, we have 
The second term in (10) is a chemical potential in the absence of adsorption properties of the 
surface of particles (k = 0). At c << 1, expression (10) has the following form: 
w~oc. 2 ck R 
#1 = -V  'w ~ ~ T + RTlnc + #o(P, T), 
c, mJ  (11) 
- - l + - -  
c A"  
Formula (11) determines the correction to the chemical potential of the admixture and makes 
it possible to close the system of equations of the simplest model of particle motion in the self- 
consistent gradient of surfactant concentration [1] 
0w w iV  - t -  - -  = - -  or, 
0t r m 
B33 ~(pc) +div (pscsw- - -~-V#l )  =O, (12) 
a J  
~-  + div ( Jw) = 0. 
Equation (12) includes two dissipative parameters r and B33, which must be estimated. The 
general dependence of these parameters on the velocity and thermodynamic degrees of freedom 
calls for separate investigation. For the estimation of B33, it should be noted that 
B33 B33 ~23 B33 ~., , B33 O/~ x (0" -- 0) 
T2 V#I = ~-  V#I(O" ~ 0) q- __  V/~l(a = O) = -T-~-v#lta ¢ O) + T--- ~ Oc Vc. 
In the absence of adsorption, we have 
B33 0DI(~ r : O) 
pD = T2 igc ' 
and, since 
Om(a = o) RT 
Oc c 
we obtain an expression to estimate the parameter B33 
B33 cpD 
T 2 RT" 
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As the kinetic coefficient Ban is determined, the construction BssV~I/T  a included in (12), can 
take the following form: 
T2 V#x = -~-~moeDV 1 + + pDVe. (13) 
The radicand in formula (13) means the modulus of relative velocity w. 
To estimate the parameter r, it should be noted that in the absence of the gradient of surface 
tension the viscous forces must provide the Stokes' attenuation of the velocity of each particle 
W ~ e - t / r .  
Since, in this case, the friction force is 
F = -6~rar/w, 
we have ~v 6~'a 
-~- + --~--r/w = 0. (14) 
Comparing the first formula in (12) with (14), we obtain an expression to estimate the relaxation 
time 
m 2a2pc (15) 
r= 61ra---~= 91/ ' 
where Pc is the density of a particle, y is the viscosity of the melt. For all real systems considered 
below, the relations 
mJ 
<< 1, p ~ p[ = const 
A 
are valid. The latter remark makes it possible to simplify system (12) 
~k 
w = - - rRT  Vc, 
m 
OJ 
+ div ( Jw) = 0, (16) 
OC=Ddiv ( ~kcv , /w°  ) \ -  + v c 
If bubbles of a gas are considered as a source of the inhomogeneons field of surfactant concentra- 
tion, the corresponding boundary conditions must be added to system of equations (16). 
The solutions to system (16) describing particle motions onto a bubble are of interest. In this 
case, the surface of an isolated bubble r = Ro is the surface of absorption of particles, which 
means fulfillment of the boundary condition 
J(r : R~, t) = 0. (17) 
At a distance from a bubble, the following condition: 
J(r = o% t) = Jo (18)  
must be satisfied. 
Besides, the condition of chemical equilibrium must be satisfied at the bubble-melt interface. 
It is known that this condition leads to the fulfillment of the Siverts law 
'°) 
x = K + Ro ' (19) 
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Here x is the mole fraction of atomic oxygen in the melt, no2/n is the mole fraction of oxygen in 
a bubble; p is the pressure in the melt; ~ is the coefficient of surface tension at the bubble-melt 
interface; Ro is the radius of a bubble. It should be noted that the presence of a surfactant 
leads to a correction to the Siverts law. To a first approximation, however, this correction can be 
ignored. Relations (7) make it possible to relate the mass concentration of oxygen in the solution 
to the concentrations c and c, 
c P' h ~ v/~o/~ 
c, = X---~pl +C.X + pt = l + ~ +e. l  + v~olw 
Therefore, taking into account he second equality from {11), we can write 
1 + ~  1+ p[ + . (20) 
Since mJ/p[ << 1 and the equality 
Mo 
Cl ~ X UFe 
holds for small concentrations (x << 1), we obtain a boundary condition, which determines the 
concentration, at r = Ro, 
C=Co=M~ Vn ~' +E " (21) 
Here Mo, Mp, are the mole masses, K is the constant of the Siverts law. In the general case 
= ~(x). Therefore, condition (21) should be considered as the implicit form of determination 
of x at the boundary of a bubble. 
For the problem of one bubble, equations (16) take the form 
ot - r=g r2 _~cNv7 +g ' 
"-~+~rOJ 1 0 (r2jw~) = 0, (22) 
(~krRTOC, ) w=\~ ~ 0,0 =(~,0 ,0 ) ,  
with the conditions at the boundary (17),(18),(21). 
From here on, we shall be interested in particles with a characteristic size a ~ 10-5m and 
bubbles of radius Ro ~ 10 -2 m. The relation a/Ro ,~ 10 -a makes it possible to restrict our 
consideration to the processes near the surface of a bubble. In this case, it is reasonable, using 
the substitution 
r = Ro +y,  
to move the origin of the coordinates to a point at the surface of a bubble. Thereby equations (22) 
are simplified considerably, in the range of values y < Ro. This corresponds to the approximation 
of a locally plane section of the surface of a bubble 
OC=D 0["  ~k O ~ Oc~ 
-~ oy \ -~c~V7+~.  ' 
OJ 0 (Jwr) = O, (23) 
~k RmOC 
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with the conditions 
J (y  = O, t) = O, J (y  = oo, t) = Jo, c(y = 0, t) = co, (24) 
where w is the velocity modulus wr. The concentration equation from (23) has a steady solution, 
which is determined by the equations 
~k 0 W]~o Oc 
mCm m--F ----0, o V-J N 
ck (25) 
Y 
c(y = 0, t) = Co. 
The steady solution causes self-simulating evolution of the density J in accordance with the 
equation 
cgJ 0 (Jwr) = 0, 0-7+N 
J (y  = O, t) : O, J (y  : oo, t) : Jo. (26) 
On one hand, the stationary concentration distribution is due to the diffusion concentration 
flux -Vc,  which is directed away from a bubble. On the other hand, the oppositely directed 
particle flux ~ JVc ,  which corresponds to this gradient, stabilizes the diffusion propagation of the 
concentration. The oppositely directed flux is taken into account in each locally nonequilibrium 
element of the two-velocity continuum in the form of a corresponding correction to the chemical 
potential (11). In view of the fact that the velocity modulus is within the square root, using the 
substitution 
Oc _A2, 
Oy 
we transform equation (25) 
OA A2 ~k ~/ mwo 
uC-~c + =0,  v :~ ~kvRT" (27) 
Integrating (27) taking into account he boundary condition from (25), we obtain 
// 
A = lnc/c----~" (28) 
Relation (28) determines the stationary profile of the concentration 
Oc v 2 
0"--~ = ln2 c/c ° • (29) 
Integrating (29), taking into account he boundary condition (25), we obtain the implicit depen- 
dence of the concentration on the coordinate 
c In -1  +1 =2- - -y .  (30) 
Co Co 
The singularity of the concentration profile at y = 0 makes it possible to obtain the explicit 
dependence of the concentration on the coordinate near the surface of a bubble 
c --_ 1 -- yl/3. (31) 
Co \ Co / 
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It should be noted that for the numerical values of physical variables of the problem being 
considered, the characteristic size 
Co 
y. = 3v2, (32) 
at which the concentration vanishes, is of order of ,~ 10m. It is larger than the sizes of the 
systems under consideration. The velocity of particles has a singularity at the point y = 0 
w = ( -~,  0, 0), 
w = vRT \ 36 ] y2/3" (33) 
We seek a self-simulating solution to equation (26) in the form 
Y (34) J --- J(~), ~ ---- t3/5. 
Substituting (34) into equation (26) and making simple transformations, we obtain an ordinary 
differential equation, which determines the density J as a function of the self-simulating variable 
10J  lOeo 1 
J 0,~ - 9 ~ (5eo/3+,~5/3)' (35) 
eo = rRT  ~ 
J(~ = O) = O, J(~ = oo) = Jo. (36) 
Integrating (35) under conditions (36), we obtain 
~2/3 
J = Jo 
(5~o/3 + ~5/3)~/~" 
If we exclude the self-simulating variable, we come to a dependence of the particle density J on 
the time and distance to the surface of a bubble 
y2/3 
J = Jo (5Sot~3 + y5/3) 2/5" (37) 
It is seen from (37) that we can set 
Jo = J(y, t = 0). 
The density of the particle flux onto the surface of a bubble is of immediate physical interest 
[ (5~ot/3(c°v/3)~/3+ ] w= Jw= - Jo  y5/3)2/5,0,0 . (38) 
The flux is directed toward the bubble and has no singularity at its surface 
w(y = 0, t) = ( -Wo,  0, 0), 
Wo = rRT  - -  ~ t2/5. 
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Thus, we obtain the following result, which is important for applications: the density of the 
particle flux is proportional to D I/a. The total flux per unit surface is an increasing function of 
t ime 
1501raJ (39) 
Formula (39) makes it possible to make the basic estimates. Let us consider 1 m 3 of motionless 
molten iron, which contains ten per cent of gas bubbles (in the volume) with a characteristic size 
Ro = 0.01 m. It is clear that a cubic meter of the melt contains 
N _- __0"1  ,~ 2.4 • 104 
4~rR3/3 
bubbles with the total area E = 41rR2oN ,,~ 30 m 2. Let us take the following values of the 
parameters, which characterize the melt, the particles and the surfactant 
a = 2 * 10 -5 m, 
Zl = 5 * 10 -3 N s /m 2, 
Pc = 4 * 103 kg/m 3, 
R = 8.31 J /K  * mol, (40) 
D = 1.2 • 10 -s  m2/s, 
T -- 1873K, 
k = 0.26 mol /m 2. 
As for the value of k, some remarks should be made. Equation (5) for small concentrations i  
linearized 
a = ao - RTkc ,  
where ao = a(c  = 0). I f  we have a value of 5 = a(c  = 5), we can write 
C 
a = ao  - ~Cao - ~) .  
Equations (3) and (4) taking into account (44) lead to the equality 
ao - 5 
k - ~ - -  
RT5 ' 
which makes it possible to estimate the adsorption ability of the surface using the value of 
surface tension at a known small value of the concentration. The surface tension of pure melt 
without admixture must also be known. If we assume that ao = 1.9 J /m 2, and a = 1.7 J /m 2 at 
5 = 5 * 10 -5, we have k = 0.26 mol /m 2. At the values of (40), we have 
~k rRT  m2 2akRT 10.8 , 
m 3~/ s 
qk 
,-~ 0.16, 
m 
_D ~ 6 .10_4  m_. 
a s 
Consequently, N bubbles will adsorb on their surface in time t the total number of particles 
I = 4 Joc  2/5 t 3/5. 
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Let us determine the time 
0.1 
t. c2/3, 
as a time, during which the bubbles will adsorb on their surface all particles present in the volume 
at t = 0. If the initial concentration of the surfactant is co ~ 10 -3, then t. ,-~ 10s; if co ~ 10 -4, 
then t.  ,-~ 46s; if co ,,~ 10 -5, then t. ~ 215s. Relatively small absorption times of particles 
indicate that the absorption mechanism proposed is an effective instrument for removal of small 
particles from iron melts. Besides, the characteristic times of metallurgic removal processes are 
in the time interval of the estimates presented. For complete analysis of the removal process, it 
is necessary to consider the corresponding hydrodynamic bubble theory, in which the absorption 
of particles must be taken into account in accordance with the theory developed. 
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